The polymerization of exo- [(norbornenemethoxy)methyl]-1,1,1,3,3,3-hexafluoro-2-propanol (2) using a palladium catalyst gave a significantly higher M w polymer than the endo isomer or the 80/20 mixture of endo/exo-2. To achieve similar M w higher concentrations of formic acid chain transfer agent was needed for the exo isomer than for the 80/20 mixture. As a result, the optical density at 193 nm of the exo isomer polymer is substantially lower since less olefinic polymer end groups were formed. A subtle interplay between chain transfer mechanisms and propagation rates explains the results obtained. Isomer content in poly(2) does not affect the dissolution rate in TMAH.
Introduction
Photopolymer compositions are dependent on the polymer binder resin to provide mechanical strength, dissolution behavior, and optical properties, among others.
One class of polymers that is used in photopolymer compositions is vinyl addition poly(norbornene) [1] . Such poly(norbornene) made by late transition metals provide desirable thermal stability (i.e., glass transition temperature), good etch resistance, and optical transparency.
However at the 193 nm wavelength, the optical transparency of poly(norbornene) depends on the polymer end groups. We have reported that poly(norbornene) with olefin end groups are less transparent than desired [2] . In this case olefins such as ethylene and 1-hexene are used as chain transfer agents (CTAs) and are appended to the end of the polymer chain as a result. We discover that H 2 and silanes act as CTAs and do not yield opaque polymers since hydrogen is at the end of the polymer chain [3] . However, H 2 and silanes are not ideal since H 2 is highly flammable and residual silane byproducts can deleteriously affect the etch properties of the photopolymer composition. This led us to develop formic acid as an alternative CTA [4] . Formic acid does not suffer from these limitations and produces poly(norbornene) that is highly transparent at 193 nm.
Typically norbornene monomers are made by a Diels-Alder reaction between dicyclopentadiene and a dienophile. As such the reaction mixture consists of two geometric isomers: endo and exo.
Scheme 1
Generally the reaction of a mono-substituted dienophile with dicyclopentadiene yields endo-rich product [5] .
The outcome of a substituted norbornene polymerization is governed by the endo and exo isomer ratio. For example, in the case of a heteroatom functional norbornene such as the dimethyl ester of norbornene-2,3-dicarboxylic acid, the exo isomer polymerization yield was 18% while the endo isomer gave no polymer at all [6] . Evidence suggested that a chelating intermediate was responsible for the lack of polymer formation for the endo isomer. Sen and coworkers later reported that polymerization rate of the exo isomer of even non-heteroatom functional norbornene, i.e., 5-butyl-2-orbornene, is faster than the endo isomer. In this case, a steric compression argument was put forth to explain the differences in rates [7] . The properties of poly(norbornene) can be affected by the ratio of isomers as well. In particular, Ito, et al., found that the dissolution rate of poly (1) in TMAH developer is controlled by the isomer ratio [8] In this contribution, we report that optical density of poly-2 depends on the monomer isomer ratio. Exo and endo-2 were prepared based according to the literature [9] . Pd(acac) 2 (3) was obtained from Sigma-Aldrich, N,N-dimethylanilinium tetrakis (pentafluorophenyl) borate (DANFABA) was purchased from Boulder Scientific Company, formic acid came from Sigma-Aldrich.
NMR, GPC, and optical density (OD) were determined as previously reported [4] .
Polymer conversion was determined gravimetrically using a Mettler Toledo HR73 Halogen Moisture Analyzer. Typically a metal pan containing a glass microfiber mat is weighed and approximately 0.5 mL of polymer solution is added to the pan. The pan is then heated to 200 °C by the analyzer until a constant weight is achieved. The solids content is reported as a percentage of the starting weight, i.e., polymer percent conversion.
Dissolution rate measurements of polymer samples in tetramethylammonium hydroxide (TMAH, 0.26 N) were carried out on thin films spun from PGMEA solution onto silicon wafers. The dissolution rate was determined by an interferometric method using a Thickness Detection Solutions (DRM 420-L) dissolution rate monitor and is reported in nm/sec.
General polymerization procedure.
In a representative polymerization, exo-2 (12.2 g, 0.0400 mol), DANFABA (0.048 g, 60 μmol), and toluene (17.2 g) were mixed in a vial equipped with a stir bar. The vial was sealed. Formic acid was added to the vial (3 mole % on monomer, see Tables below for quantities used for other experiments). The vial was heated to 80 °C and catalyst 3 (0.0060 g, 20 μmol) in toluene (0.86 g) was added. The reaction mixture stirred at temperature for 24 hours. The reaction mixture was then cooled.
Polymer conversion in the reaction mixture was determined by total solids analysis (91%). GPC analysis: M w = 19700; M w /M n = 2.15. The reaction mixture was purified by removal of catalyst residues. The polymer was precipitated into hexanes, collected by filtration and dried overnight in a vacuum oven at 90 °C. 
Results

Monomer Synthesis
The pure isomers of monomer 2 were prepared by taking advantage of the significant boiling point differential between the endo and exo isomers of 5-cyano-2-norbornene. Once the pure isomers were isolated, a three step synthetic scheme was followed to make pure endo and exo 2. See Scheme 2 for the exo isomer and reference 9 for details. 
Polymerization studies
The polymerization of 98% pure exo-2, 98% pure endo-2, and an 80/20 mixture of endo/exo-2 was carried out using catalyst 3 in the presence of three percent formic acid.
The results of the polymerizations are given in Table 1 . All three experiments gave high conversions. However, the molecular weight of the all exo-2 polymer (experiment 1) is substantially higher than that obtained for endo-2 (experiment 2) or for the mixture of isomers (experiment 3). The optical density of the polymers from experiments 2 and 3 at 193 nm are essentially identical and relatively high. Polymerization experiments at different concentrations of formic acid were carried out for the 80/20 isomeric mixture. With increasing formic acid concentration the molecular weight of the polymer decreases accordingly as expected based on our previous report [4] . The optical density of these polymers is relatively high and do not change much over the molecular weight range examined. See Table  2 for details. A similar study was carried out for the 98% pure exo-2 isomer. Results are presented in Table 3 . As with the mixture of isomers, the pure exo isomer molecular weight decreases with increasing formic acid concentration. The most striking difference is the optical densities of these polymers; they are about ten times lower than that observed for the mixed isomer polymer. These results are presented graphically in Figure 1 . The trends show that for a desired molecular weight, significantly more formic acid is needed when polymerizing exo-2. As a result, a lower OD is obtained. Figure 1 . Plot of M w of poly(exo-2) and poly(endo/exo-2) (80/20) formed using catalyst 3 versus formic acid concentration. Optical density (μm -1 at 193 nm) of the polymer is shown beside each data point.
Dissolution rate studies.
The effect of isomer identity on the dissolution rate of poly-2 in TMAH was also studied. The results of this study are shown in Figure 2 . The most data were collected for a series of poly(endo/exo-2) with decreasing molecular weight. As might be expected, the dissolution rate of the lower molecular weight polymer is higher than the corresponding higher molecular weight polymer. Although, there is a limited data set, the isomerically pure poly(2) samples do not seem to deviate significantly from the expected dissolution rate based on the trend observed for poly(endo/exo-2).
Discussion
Previously, we reported that depending on the catalyst used, the molecular weight of poly(norbornene) can be dictated by an unusual intramolecular β, γ-carbon-carbon bond cleavage that occurs prior to the molecular weight limiting β-hydrogen elimination chain transfer step [4, 10] . As a result of this reaction a polymer end group containing an exo-methylene cyclohexene functionality is formed.
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Such olefinic end groups are detrimental for 193 nm applications since they increase the optical density of the polymer. The concentration of the exo-methylene cyclohexene end groups can be limited by introducing an intermolecular chain transfer agent that competes with the intramolecular cleavage reaction as long as the added reagent does not yield olefinic end groups. Formic acid performs admirably in this role.
Formic acid has been shown to act as an intermolecular chain transfer agent producing poly(norbornene) with hydrogen end groups [4] . As such, the polymers are quite transparent to 193 nm radiation.
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The question remains why an exo rich poly(norbornene) gives a low OD while an endo rich poly(norbornene) does not. The answer lies in the subtle interplay of the two competing chain transfer reactions (intra-and intermolecular) and the relative propagation rates for exo-and endo-norbornene isomers.
As noted previously, the rate of propagation for exonorbornene is faster than for endo-norbornene. Therefore, in order to access the same molecular weight polymer, more formic acid is needed (assuming that the intramolecular chain transfer rate is not dependent upon the isomeric identity of the norbornene monomer). More formic acid means that the competing intramolecular β, γ-carbon-carbon bond cleavage chain transfer reaction is less likely. Therefore, fewer polymer chains with olefinic end groups are produced and OD is lower.
As shown in Figure 1 , in order to access a 7500 to 8000 M w poly(exo-2) 20 mole percent formic acid is necessary (experiment 10). For poly(endo/exo-2) only 0.5 mole percent formic acid is used (experiment 4) to achieve a similar M w . As a result the OD of the poly(exo-2) is ten times less than the poly(endo/exo-2). Close examination of the 1 H NMR spectra of the polymers from experiment 4 and 10 shows that the polymer from experiment 4 has approximately 2.5 times more olefinic resonances in the 4.5 to 6.0 ppm region relative to the aliphatic resonances of the polymer than experiment 10. This is consistent with the higher OD exhibited by the polymer from experiment 4.
While the isomeric identity of 2 clearly plays a role in the optical density of the resulting polymer, it appears that the dissolution rate of said polymers in 0.26N TMAH is not affected. Rather the predominant factor is molecular weight. As the M w is increased, the dissolution rate decreases.
Our results are consistent with initial reports of the dissolution rate of poly (1) in TMAH which indicated that polymer molecular weight played a role [11] . Apparently, for poly(2) the endo/exo ratio is not the determining factor as was reported by Ito, et al. for poly(1) [8] .
